Amano T, Ichinose M, Koga S, Inoue Y, Nishiyasu T, Kondo N. Sweating responses and the muscle metaboreflex under mildly hyperthermic conditions in sprinters and distance runners. J Appl Physiol 111: 524 -529, 2011. First published June 9, 2011 doi:10.1152/japplphysiol.00212.2011.-To investigate the effects of different training methods on nonthermal sweating during activation of the muscle metaboreflex, we compared sweating responses during postexercise muscle occlusion in endurance runners, sprinters, and untrained men under mild hyperthermia (ambient temperature, 35°C; relative humidity, 50%). Ten endurance runners, nine sprinters, and ten untrained men (maximal oxygen uptakes: 57.5 Ϯ 1.5, 49.3 Ϯ 1.5, and 36.6 Ϯ 1.6 ml·kg Ϫ1 ·min Ϫ1 , respectively; P Ͻ 0.05) performed an isometric handgrip exercise at 40% maximal voluntary contraction for 2 min, and then a pressure of 280 mmHg was applied to the forearm to occlude blood circulation for 2 min. The ⌬ change in mean arterial blood pressure between the resting level and the occlusion was significantly higher in sprinters than in untrained men (32.2 Ϯ 4.4 vs. 17.3 Ϯ 2.6 mmHg, respectively; P Ͻ 0.05); however, no difference was observed between distance runners and untrained men. The ⌬ mean sweating rate (averaged value of the forehead, chest, forearm, and thigh) during the occlusion was significantly higher in distance runners than in sprinters and untrained men (0.38 Ϯ 0.07, 0.19 Ϯ 0.03, and 0.11 Ϯ 0.04 mg·cm Ϫ2 ·min Ϫ1 , respectively; P Ͻ 0.05) and did not differ between sprinters and untrained men. Our results suggest that the specificity of training modalities influences the sweating response during activation of the muscle metaboreflex. In addition, these results imply that a greater activation of the muscle metaboreflex does not cause a greater sweating response in sprinters. heat acclimation; muscle fiber type; nonthermal factors; physical training; sweat gland THE SWEATING RESPONSE DURING EXERCISE in humans is governed by changes in thermal factors (core and skin temperatures) and nonthermal factors (central command, muscle mechanoreflex, muscle metaboreflex, baroreflex, osmoreflex, chemoreflex, and mental stress) (5, 11, 12, 26) . Thus it is necessary to evaluate human sweating responses by modifying both thermal and nonthermal factors, as well as by studying them independently, to more fully understand the control of the sweating rate (SR). It is well known that sweating responses during exercise are improved by long-term physical training. Many cross-sectional studies have investigated the effects of long-term endurance training (e.g., running, cycling, and cross-country skiing).
THE SWEATING RESPONSE DURING EXERCISE in humans is governed by changes in thermal factors (core and skin temperatures) and nonthermal factors (central command, muscle mechanoreflex, muscle metaboreflex, baroreflex, osmoreflex, chemoreflex, and mental stress) (5, 11, 12, 26) . Thus it is necessary to evaluate human sweating responses by modifying both thermal and nonthermal factors, as well as by studying them independently, to more fully understand the control of the sweating rate (SR). It is well known that sweating responses during exercise are improved by long-term physical training. Many cross-sectional studies have investigated the effects of long-term endurance training (e.g., running, cycling, and cross-country skiing).
These studies have generally reported that a large increase in maximal oxygen uptake (V O 2max ) improves the sweating response during exercise at a given relative exercise intensity, as well as during passive heat stress (thermal stress). This improvement is evidenced by a lower core temperature threshold at which the onset of sweating occurs and a higher slope of the SR-core temperature relationship (1, 2, 9, 10, 31) . In addition, differences in training types could affect the improvement in the sweating response during exercise. However, only one study (10) has examined the SR in different types of athletes during cycle exercise under hot conditions, and this study found a higher SR (weight loss) in distance runners than in sprinters, and a lower rate in untrained men than in sprinters (10) . Although the differences in sweating responses according to different types of physical training were influenced by both thermal and nonthermal factors associated with passive heating and dynamic exercise, few studies have investigated the effects of long-term endurance training on nonthermal sweating (32, 33) . Furthermore, none have examined the response among different training types.
Isometric handgrip (IHG) exercise is a well-recognized way of investigating the nonthermal influences of sweating (5, 11, 14, 24) . Additionally, forearm occlusion after IHG exercise has been used to evaluate the effects of muscle metaboreceptor activity. This suggests that metabosensitive afferent signals from exercising muscle induce sweating because the SR during forearm occlusion after IHG remains above the resting level under hyperthermic (5) and mildly hyperthermic conditions (13) . Muscle metaboreceptor activation also affects cutaneous vasodilation, reducing the nonglabrous cutaneous vascular conductance (CVC) during postexercise forearm occlusion under hyperthermic conditions (5) . Different types of training, such as endurance training and sprint training, produce different physiological effects on cardiovascular responses during IHG exercise (29) . Torok et al. (29) reported greater blood pressure and heart rate (HR) responses during IHG exercise in sprinters compared with distance runners. They proposed that this difference was attributable to differences in muscle fiber types between the two groups. It has been reported that sprinters have a higher percentage of fast-twitch (FT) muscle fibers, whereas distance runners have a higher percentage of slowtwitch (ST) muscle fibers (8, 30) . Compared with ST muscle fibers, FT muscle fibers produce more muscle metabolites during IHG exercise (23) . Thus we speculate that muscle metabolite production during IHG exercise at a given exercise intensity would be greater in sprinters than in distance runners and that this difference may account for the previously ob-served greater cardiovascular responses in sprinters during IHG exercise (29) . It is also reasonable to predict that the level of metaboreflex activation during IHG exercise would be higher in sprinters than in distance runners. Therefore, we hypothesize that the nonthermal sweating responses during muscle metaboreceptor activation, as reported in earlier studies (5, 13) , are greater in sprinters than in distance runners. Furthermore, because the blood pressure response during IHG exercise is different between distance runners and sprinters (29) , and because this response is influenced by the muscle metaboreflex, it is possible that the CVC caused by the muscle metaboreflex also differs between the two groups.
The purpose of the present study was to determine whether the sweating response differs between distance runners and sprinters during muscle metaboreceptor activation. We investigated the sweating response on nonglabrous skin during IHG exercise and following postexercise ischemia, which selectively stimulates muscle metaboreceptors, in distance runners, sprinters, and untrained subjects. In addition, the cutaneous vascular response was measured in the same condition.
METHODS
Subjects. Nine male sprinters, ten male distance runners, and ten untrained men participated in this study. All 19 athletes belonged to a track club at Kobe University and had trained 2-3 h/day on 5 days/wk for at least 3 yr (range, 3-11 yr), achieving the following competition levels: 100 m, 11.20 Ϯ 0.09 s (10.85-11.57 s; n ϭ 7); 200 m, 22.21 s (n ϭ 1); 110-m hurdles, 15.61 s (n ϭ 1); and 5,000 m, 15.20 Ϯ 0.11 min (14.61-15.70 min; n ϭ 10). In contrast, the untrained subjects had not performed regular physical activity except for gymnastics lessons. None of the subjects were taking medications, and all were nonsmokers. Table 1 shows the physical and physiological characteristics of the three groups. The mean age, height, body mass, and body surface area were similar among the three groups. However, sprinters showed significantly higher maximal voluntary contraction (MVC) compared with the untrained men (P Ͻ 0.05), and maximal oxygen uptake (V O2max) differed significantly among the groups (P Ͻ 0.05), with the following order: distance runners Ͼ sprinters Ͼ untrained subjects. Each subject was informed in advance of the purpose of the study and the procedures involved, and all subjects provided written informed consent. This study was approved by the Human Subjects Committee of the Graduate School of Human Development, Kobe University, Japan.
Experimental protocol. To determine V O2max during the main study, each subject performed a V O2max test on a cycle ergometer at a pedaling frequency of 60 revolution/min. The workload was increased by 30 W each minute until the subject could no longer maintain the pedal cadence. The V O2max was calculated as the average of the oxygen consumption values over the last 20 s of the test.
The main experiments were conducted in an environmental chamber (SR-3000; Nagano Science, Osaka, Japan) maintained at an ambient temperature of 35°C and relative humidity of 50%, with minimal air movement. We selected these environmental conditions to cause sudomotor activation by increasing the skin temperature without a marked change in core temperature. After entering the chamber, each subject performed two MVCs of the right forearm flexors using a handgrip dynamometer (TKK5710b; Takei Kiki Kogyo, Niigata, Japan) to determine the exercise intensity. The subject then rested in the supine position for at least 50 min until sweating reached a steady state. During this period, instruments were attached to the subject for data measurement. After the resting period, baseline data were recorded for 5 min before the commencement of the IHG exercise. The subjects performed the IHG exercise with the right hand at 40% of MVC for 2 min. In all cases, the subjects used a visual feedback system to help maintain the target force of the handgrip. Five seconds before the end of the exercise, blood flow to the exercising arm was occluded by inflation of a pneumatic cuff on the upper arm to a pressure of 280 mmHg for 2 min. The cuff was then deflated, and recovery data were recorded for 2 min. With this protocol, the effects of the muscle metaboreflex on cardiovascular and sweating responses could be measured because the muscle metaboreceptor afferents are activated during the posthandgrip forearm occlusion. In contrast, muscle relaxation eliminates stimulation by both central command and muscle mechanoreceptor afferents (13, 21, 25, 26) . Given that the cutaneous vasoconstrictor and sudomotor neurons are modulated by respiration (17), we used an auditory signal to control the respiratory Values are means Ϯ SE for 10 untrained men, 9 sprinters, and 10 distance runners. Tor, sublingual temperature; Tsk, mean skin temperature; HR, heart rate; MAP, mean arterial blood pressure; SR, sweating rate; CVC, cutaneous vascular conductance. *Significantly different from rest, P Ͻ 0.05; †Signifi-cantly different from sprinters, P Ͻ 0.05. ‡Significantly different from untrained men, P Ͻ 0.05. Values are means Ϯ SE for 10 untrained men, 9 sprinters, and 10 distance runners. BSA, body surface area; MVC, maximal voluntary contraction; Vo2max, maximal oxygen uptake. *Significantly different from untrained men, P Ͻ 0.05; †Significantly different from sprinters, P Ͻ 0.05. frequency at 15 cycles/min during the experiment. All experiments were conducted in the afternoon, between 1400 and 1700, to exclude any effects of the circadian rhythm.
Measurements. In all experiments, the sublingual temperature (T or); local skin temperature at six sites (face, chest, back, forearm, palm, and thigh); SR on the forehead, chest, forearm, and thigh; skin blood flow (SkBF) on the chest, forearm, and thigh; HR; systolic and diastolic arterial blood pressures; and rating of perceived effort (RPE) were measured.
The T or and local skin temperature were measured with a copper-constantan thermocouple. For Tor, the tip of the thermocouple was covered with silicon and held in the oral cavity, and the subject was instructed to breathe through his nose. Mean skin temperature (T sk) was calculated using the following modification of Palmes and Park (22) 
The SR on the forehead, chest, forearm, and thigh were measured continuously using the ventilated-capsule method. Dry nitrogen gas was supplied to each capsule (5.31 cm 2 at the chest and thigh, 3.14 cm 2 at the forehead and forearm) at a rate of 600 ml/min. The humidity of the nitrogen gas flowing out of the capsules was measured with a capacitance hygrometer (HMP 45ASPF; Vaisala, Helsinki, Finland). SkBF on the chest, forearm, and thigh were measured continuously using laser-Doppler velocimetry (ALF21; Advance, Tokyo, Japan). Three laser-Doppler probes were located adjacent to the ventilated capsules. The CVC was calculated from the ratio of the SkBF to the mean arterial blood pressure (MAP). The T or, local skin temperature, SR, and SkBF were recorded every second using a data logger (MX100; Yokogawa, Tokyo, Japan), digitized, and stored in a personal computer (PC-8DG03-KP01HG; Hitachi, Tokyo, Japan). It is well known that there are regional differences in the SR and CVC in nonglabrous skin, and the local skin temperature contributes to these regional differences (20) . In this study, we could not control the local skin temperature. Therefore, we used the mean values of SR and CVC based on measurements at four and three nonglabrous sites, respectively, to evaluate the effect of the metaboreflex on SR and CVC.
The HR and arterial blood pressures were measured continuously from the left middle finger using the Penaz method (Finometer; Finapres Medical System, Amsterdam, The Netherlands), with MAP being subsequently calculated. Each subject was asked to rate his RPE on a scale from 6 to 20 (3) at the end of the exercise, as an index of central command.
Data and statistical analysis. The data were analyzed for a 60-s preexercise period (rest), the final 30 s of the handgrip exercise, postexercise occlusion, and the recovery period. To compare the measurements taken during rest, handgrip exercise, postexercise occlusion, and recovery among distance runners, sprinters, and untrained men, one-way ANOVA was performed, using Sheffe's test when the F value was significant. The differences in the measurements taken during handgrip exercise, postexercise occlusion, and the recovery period compared with the values at rest were analyzed using one-way repeated-measures ANOVA, using Dunnett's test when the F value was significant. Statistical significance was set at a P value of 0.05. All data are expressed as means Ϯ SE. Table 2 shows the body temperature, cardiovascular, and thermoregulatory variables at rest, during IHG exercise at 40% MVC for 2 min, during occlusion for 2 min, and at recovery in untrained men, sprinters, and distance runners. The resting HR was significantly lower in distance runners than in untrained men (P Ͻ 0.05), but no significant difference in resting MAP was observed among the groups. Figure 1 shows the changes in the cardiovascular and body temperature variables during IHG exercise at 40% MVC for 2 min, during postexercise forearm occlusion for 2 min, and at recovery. In all groups, the change in HR (⌬HR) increased significantly during IHG exercise compared with the value at rest (P Ͻ 0.05), and the HR returned to the resting value during occlusion. The change in MAP (⌬MAP) in all groups increased significantly during IHG exercise and the occlusion period compared with the value at rest (P Ͻ 0.05). The ⌬MAP during the occlusion period was significantly higher in sprinters than in untrained men (P Ͻ 0.05). The absolute changes in the Fig. 1 . Change in heart rate (⌬HR), change in mean arterial blood pressure (⌬MAP), sublingual temperature (Tor), and mean skin temperature (Tsk) during rest, sustained handgrip exercise (120 s) at 40% maximal voluntary contraction (MVC), occlusion (120 s), and recovery. Values are expressed as means Ϯ SE for 10 distance runners, 9 sprinters, and 10 untrained men. *Significantly different from rest (P Ͻ 0.05). #Significantly different from untrained men (P Ͻ 0.05). cardiovascular parameters were similar to the ⌬ changes ( Table  2) . The T or and T sk remained constant in all of the groups throughout the experiment and did not differ significantly among the groups. No significant difference in RPE during exercise was observed among the groups. Figure 2 shows the change in the mean nonglabrous SR (⌬SR) and the CVC at rest, during IHG exercise at 40% MVC for 2 min, during occlusion for 2 min, and at recovery. The mean ⌬SR increased significantly in all groups during IHG exercise and remained above resting level during the occlusion period. The ⌬SR tended to be greater in distance runners than in untrained men during IHG exercise (P ϭ 0.07) and was greater in distance runners than in untrained men and sprinters during occlusion (P Ͻ 0.05). In untrained men, the mean CVC during IHG exercise increased significantly from the resting value; however, no significant difference was observed among the groups throughout the experiment. The absolute changes in mean SR were similar to the ⌬ changes ( Table 2 ).
RESULTS

DISCUSSION
Although we hypothesized that the SR during activation of the muscle metaboreceptor would be greater in sprinters than in the other two groups, our results indicate that the mean nonglabrous ⌬SR during the occlusion period was significantly greater in distance runners than in sprinters and untrained men. In addition, the ⌬SR was not influenced by training in sprinters despite the greater nonthermal metaboreflex drive (as evidenced by a greater sustained increase in ⌬MAP during occlusion) that is observed in sprinters compared with untrained individuals (Figs. 1 and 2) .
The ⌬MAP during occlusion was significantly higher in sprinters than in untrained men (Fig. 1) , suggesting that the blood pressure response associated with the muscle metaboreflex was greater in sprinters than in untrained men and distance runners. Sadamoto et al. (23) reported that the elevation of MAP during IHG exercise and the amount of potassium produced during exercise were highly correlated with the percentage of FT muscle fibers. Moreover, they suggested that a higher percentage of FT muscle fibers would produce more muscle metabolites during IHG exercise. The sprinters and distance runners in the present study had been training for a minimum of 3 yr; and some, for as long as 11 yr (mean training time for sprinters and distance runners: 7.9 Ϯ 0.7 and 8.0 Ϯ 0.7 yr, respectively). As a result of this prolonged training, one would expect a greater development of FT muscle fibers in the sprinters and ST muscle fibers in the endurance athletes. Torok et al. (29) reported a greater increase in blood pressure during IHG exercise in sprinters than in distance runners, and this was associated with their different muscle fiber types. In the present study, we used IHG exercise to evaluate the effects of the muscle metaboreflex on the sweating response, even though sprinters and endurance runners mainly use their leg muscles during training sessions. Although it may seem reasonable to use leg isometric exercise for these evaluations, earlier studies (8, 29) have shown that subjects with a high proportion of one fiber type in a muscle display a similar pattern in other muscles. On the basis of this principle, it is possible that a greater amount of muscle metabolites may be produced during exercise in sprinters compared with the other two groups. Moreover, the higher ⌬MAP observed in sprinters, compared with the two other groups, is likely attributable to the higher MVC in sprinters (Table 1) . It has been reported that changes in blood pressure (14, 15, 24) and the production and accumulation of muscle metabolites (6) during IHG exercise are dependent on exercise intensity.
The ⌬SR during occlusion was higher in distance runners than in sprinters and untrained men (Fig. 2) although the ⌬MAP responses during occlusion were larger in sprinters than in distance runners and untrained men, which may explain the degree of nonthermal inputs (Fig. 1) . This result indicates that SR responsiveness at a given level of muscle metaboreceptor activation may be higher in distance runners than in sprinters and untrained men. It has been reported that the SR is greater in long-distance runners than that in sprinters (10) and untrained men (10, 33) during cycling exercise under hot conditions (10) and IHG at several exercise intensities in mildly hyperthermic condition (33) .
It is well known that there is a positive relationship between the SR and V O 2max . In the present study, although V O 2max was significantly greater in sprinters than in untrained men, there was no marked difference in ⌬SR during IHG exercise or occlusion between the two groups (Fig. 2) . This indicates that the influence of nonthermal factors on the sweating response was similar between sprinters and untrained men, suggesting that an improvement in the sweating response during exercise training is dependent on the increase in core temperature during exercise training. Indeed, a markedly elevated core temperature has been shown to be a powerful stimulus for the sweating response (7). Buono et al. (4) reported that Fig. 2 . Change in mean sweating rate (SR) on the forehead, chest, forearm, and thigh, and mean cutaneous vascular conductance (CVC) on the chest, forearm, and thigh during rest, sustained handgrip exercise (120 s) at 40% MVC, occlusion (120 s), and recovery. Values are expressed as means Ϯ SE for 10 distance runners, 9 sprinters, and 10 untrained men. *Significantly different from rest (P Ͻ 0.05). #Significantly different from untrained men (P Ͻ 0.05). †Significantly different from sprinters (P Ͻ 0.05). the sweating response at the level of the sweat gland does not improve following heat acclimation when the sweat gland activity is suppressed by a drug, even if the core temperature increases during heat acclimation. This result indicates that the activity level in the sweat glands during heat acclimation is also important for improving the sweating response at the level of the sweat gland. Thus increase in core temperature during training in distance runners (18) is great enough to stimulate enhanced sweat gland activity and to improve the sweating response at the level of the sweat gland. In contrast, the small change in core temperature during training in sprinters may not be sufficient to enhance the sweating response. Linnane et al. (16) showed that the rectal temperature did not increase significantly during two sets of maximal cycling exercise for 30 s in normothermic or hot conditions.
In an earlier study, intensity-dependent increases in SR during IHG exercise were greater in endurance-trained subjects than in untrained men (33) . Similarly, in the present study, the ⌬SR during exercise also tended to be higher in distance runners than in untrained men (Fig. 2) , and the ⌬SR during occlusion was higher in distance runners than in untrained men. Although ⌬SR during IHG exercise did not differ significantly between the two groups in the present study, the results suggest that metaboreceptors may contribute to the higher ⌬SR observed during IHG exercise in distance runners compared with untrained men. Differences in central command activation during IHG exercise could have also affected the sweating response, but we did not observe any differences in RPE among the groups, suggesting that central command did not influence the difference in the sweating response during IHG exercise.
Even though the ⌬SR increased during occlusion compared with the resting level in all groups in this study, the CVC did not change significantly during occlusion compared with the resting level. Thus the effects of the muscle metaboreflex are different between the sweating and cutaneous vascular responses under mildly hyperthermic conditions. The reduction in CVC during IHG exercise and postexercise muscle occlusion under a hyperthermic condition is mediated by the withdrawal of cutaneous active vasodilation and the activation of vasoconstriction via myogenic autoregulation (19, 27) . In the present study, because the T or did not markedly increase from the resting condition, the cutaneous vascular response must have been regulated mainly by cutaneous vasoconstriction. However, we could not clarify the mechanisms mediating the cutaneous vascular response during the activation of the muscle metaboreflex. In contrast, the CVC during IHG exercise increased significantly from rest only in untrained men (Fig. 2) . Yanagimoto et al. (33) reported similar observations; specifically, in mildly hyperthermic conditions, the CVC on the limbs during IHG exercise significantly increased from rest in the untrained group, but not in the endurance-trained group. Although it has been reported that differences in local skin temperature (28) and the level of resting SkBF (19) affect the CVC response during IHG exercise, no significant difference in these parameters was found among the groups in the present study. Thus it cannot be assumed that the local skin temperature or the level of resting SkBF affected the increase in CVC in untrained men during IHG exercise. Additionally, a difference in the plasma norepinephrine concentration and skin sympathetic nerve activity between trained and untrained subjects might have induced different CVC responses during IHG exercise under mildly hyperthermic conditions.
Perspectives and significance. The SR generally depends on the magnitude of the nonthermal input. For example, the change in nonglabrous sweating during sustained static exercise in mildly heated humans is an intensity-dependent response (14) . Although the MAP responses in the present study suggest that the nonthermal inputs from muscle metaboreceptors during occlusion might have been larger in sprinters than in untrained men, the SR was similar between the two groups and was smaller than that in distance runners. Thus the sweating response to nonthermal inputs may depend on sweat capacity, but not on the magnitude of the nonthermal factors, in the different types of training.
Limitations. In this study, we speculated that the degree of accumulated metabolites during occlusion was greater in sprinters than in the other two groups because of the sprinters' long-term specific training. However, we did not directly measure muscle fiber types and muscle metabolites during IHG exercise. We evaluated the degree of accumulated metabolites using only the ⌬MAP response during occlusion, which is associated with muscle metabolites. This is a limitation to our study. Nevertheless, the ⌬SR during muscle metaboreceptor activation was markedly greater in endurance runners than in sprinters, who had a greater sustained increase in ⌬MAP during occlusion. Thus our results indicate that differences in the sweating response between distance runners and sprinters during muscle metaboreceptor activation may not be attributable to differences in nonthermal inputs associated with activation.
In conclusion, the difference in ⌬SR between distance runners and sprinters during the activation of muscle metaboreceptors suggests that the relative contributions of nonthermal metaboreflex-mediated influences on the sweating response differ on the basis of the type of exercise training. This difference in nonthermal sweating during the activation of muscle metaboreceptors is likely attributable to the greater sweating ability of endurance runners at a given activation.
